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INTRODUCTION

The role that bacteria play in producing/influencing anodic and cathodic corrosion reactions has been
documented in the literature on microbiologically influenced corrosion (MIC). However, the impact of established
anodic and cathodic polarlzatlons on deposition or settlement of bacteria has not been adequately addressed. One
of the most serious challenges in diagnosis of MIC is differentiation between blologlcal and ablologlcal processes. -
Most MIC investigations determine spatial relationships between bacteria and corrosion products using microscopy
or microbiological diagnostic kits. Spatial relationships are then interpreted as causal. Results from laboratory and
field- experiments demonstrate that spatial relationships cannot be interpreted as causal. Anodic reactions/
products influence the distribution of marine bacteria on both carbon and stainless steel. The attraction of bacteria
to anodic sites does not depend on viability of the organisms or concentration of the electrolyte.

MATERIALS AND METHODS
Stainless steel exposures in the laboratory

Experlments were designed using 304 stainless steel electrodes with intentional crevices initiated by-placing a
small piece of sterile wood under the gasket of the electrode holder across the face of the electrode. Identical
electrodes were maintained without crevices. Electrodes were exposed to 700 ml filtered 35 ppt sahmfy artificial
seawater (0.10 wm Millipore filter) to allow formation of abiotic corrosion products on specimens with crevices.
Open circuit potential measurements (Ey) as a function of time were measured with Princeton EG&G potenti-
ostats (Model 173, Model 273, and Model 350). After 11 days, 50 ml of natural seawater was added. Abiotic
controls were maintained for all exposures. After 5 days electrodes were removed, placed in seawater-buffered
glutaraldehyde and examined using environmental scanning electron microscopy (ESEM) coupled with energy

dispersive x-ray analysis (EDS). ESEM/EDS operating parameters have been described elsewhere (1).
Polymer-coated mild steel exposures

Triplicate cold rolled steel panels (1 0.16 cm x 15.24 cm) were coated with the following combinations: zinc
pnmer and epoxy polyamide topcoat; zinc primer, epoxy polyamide midcoat, and polyurethane topcoat; phosphate
primer and epoxy polyamide topcoat; phosphate primer, epoxy polyamide midcoat, and polyurethane topcoat; ion
vapor-deposited (IVD) aluminum (Al) primer and epoxy polyamide topcoat; IVD-Al primer, epoxy polyamide
midcoat, and polyurethane topcoat; and three layer$ of epoxy polyamide (Table I). Panels were exposed with and

without intentional defects. Defects were introduced by drilling four 0.32-cm-diameter holes (two per side) : :
2.54 cm from the bottom edge and 2.54 cm from the side edge (Figure 1) through the coating to the metal surface =
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Table 1. Composition and Thickness Coating Systems on Cold Rolled Steel

Coating A B C D E F G
Primer Zinc? Zinc  |Phosphated| Phosphated |IVD-Ale| IVD-Ale |Epoxyf
Midcoat Epoxy’ Epoxyb Epoxy® |Epoxyf
Topcoat Epoxy®. |Polyurethanes| Epoxy® [Polyurethanec| Epoxy® |Polyurethane¢| Epoxyf
Ave. Thickness 53 83 43 76 81 81 81
(um)

aZinc plate per QQ-Z-325 Rev. C (Primer Type II, Class2).
b2 coats of epoxy polymide MIL-P-233377 Rev. G (Type I, Class C) per MIL-F-18264 REV. D AMD.1.

¢l coat of MIL-C-85285 Rev. B %ASSAMD .AMD.1.(AR)2 polyurethane per MIL-F18264 REV. D AMD.1
color #36375 lusterless grey of FED-STD-595.

dPhosphate coat DOD-P-16232 RE. F (Type Z, Class3); hydrogen embrittlement relieved for 8 minimum
hours at 375°F +/25°F. ]
¢[on vapor deposited-aluminum per MIL-C-83488-C (Notice 1, Type I1, Class 1).

f] coat of MIL-P-24441/2 Rev. B epoxy polyamide.

to create a defined holiday in the coating. Some panels with intentional defects were cathodically protected by
attaching a zinc anode; others were allowed to freely corrode.

Panels were exposed for 30 days to natural seawater at the Key West, FL, Naval Research Laboratory
Marine Corrosion Facility and to artificial seawater in laboratory tests. At the end of exposure, panels from the
natural seawater exposures were shipped to the Naval Research Laboratory, Stennis Space Center, MS (NRLSSC)
in closed, Plexiglas™ containers filled with natural seawater. Containers were constructed with slots so that multiple

panels were secured in the orientation in which they had been exposed. Plex1glas® containers were shipped by -

overnight courier in insulated cartons with ice packs. Panels were transferred to separate containers of 4% glut-
araldehyde in 0.45 pum filtered natural seawater and reﬁ1gerated overnight. Wet panels were photographed and
examined with a Wild Heerbrugg M8 zoom stereo mlcroscope Prior to microscopic examination, panels were
removed from glutaraldehyde fixative and gently rinsed in distilled water. After photography areas of interest
were carefully cut from wet panels for ESEM examination.

Electrochemical noise (EN) and impedance (EIS) data were measured using a two-electrode arrangement
for simultaneous collection of potential and current noise. Data collection was performed remotely via computer
control twice a week. The time dependence of the potential of two coupled electrodes (Ecoyp), coupling current
(Icoup), noise resistance (R,), and spectral noise resistance (R%,) was determined from EN data. R, was defined as
the ratio of the standard deviations of the potential noise (6{V(t)}) and the current noise (c{I(t)}) as follows:

3
15.24 cm
19=032m  19=032¢m Figure 1. Schematic of field exposure panels with intentional defects.
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R,) = 6{V(®)}/o{I(t)}. R%, = lim {Rg(f)} for f —> 0, where R, (f) is spectral noise and f is frequency of
potential or current fluctuations (2). Spectral noise plots can be dete;rmined frorr_l power spect_ral density (PSD)
plots for potential and current fluctuations and used to evaluate coating degrgda’aon 3). Expc;nmental R, valges
can depend on the bandwidth Af of the EN (4). In those cases where no dc limit was observed in the spectral noise
plots, R°, values were calculated using the average of the last 10 data points (2,3). Decreasing R,, and R, values

are indicative of a degrading coating system.

Spatial Relationship Experiments

Iron filings (1 gram) were allowed to corrode overnight in individual drops of sterilized natural seawater
from Key West, basal salts medium and distilled water. A 20 pl aliquot of a mixed culture grown to log
phase from natural seawater was added to each drop. Duplicate aliquots were fixed in glutaraldehyde
4 hours prior to addition. After one hour, 10 pl were removed, fixed in glutaraldehyde and examined
with a Molecular Dynamics Sarastro 2000 confocal laser scanning microscope (CLSM).

RESULTS

Stainless steel

Corrosion products on 304 stainless steel in which an abiotic crevice was first induced were associated
with bacteria after a 5-day exposure to natural seawater (Figure 2a). Within the corrosion products
spirilla, rods, vibrio and filamentous cells were identified (Figure 2b). Cell types tended to be isolated
from one another and did not appear in consortia as one would expect if the surface had indeed been
colonized by marine bacteria. The remainder of the electrode surface was free of corrosion and only
isolated bacterial cells could be located. In abiotic controls corrosion products formed in. an identical
fashion. In all cases, the corrosion products were enhanced in chromium relative to the base alloy. The
presence of bacteria did not change the distribution or elemental composition of the corrosion products.

Figure 2. (a) Abiotically-formed corrosion
products exposed to marine bacteria (40x).
¥ (b) Bacteria enmeshed with corrosion
products.

Polymer-coated mild steel exposures

Metallic zinc and IVD-Al primer (coatings A, B, E, and F) provided cathodic protection for coatings without
intentional defects. After 30 days, coatings were discolored due to the presence of microalgae and macrofouling,
but there was no localized corrosion. Localized corrosion was prominent on surfaces with phosphate primer and
the all-epoxy polyamide coatings (coatings C, D, and G). In all cases, delamination was accompanied by localized
corrosion and accumulation of bacteria (Figure 3a & b). In the presence of cathodic protection by an external zinc

{ Figure 3. (a) Localized corrosion on panel
| coated with phosphate primer and epoxy
polyamide topcoat (coating C, 6x) and (b)
bacteria associated with corrosion. -
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anode, intentional defects were filled with calcareous deposits. EDS spectra of calcareous deposits indicate the
presence of zinc and phosphate from the primer in addition to calcium. There were no indications of corrosion and
the numbers of individual bacterial cells within the defects were similar to the numbers of cells on the intact
coating. There were no accumulations of bacteria within any of the defects protected by an external anode.

Coating composition influenced corrosion behavior and location of bacteria in defects without cathodic
protection from zinc anodes. E,y, values for coatings with metallic zinc primer were close to —1000 mV vs. Ag/
AgCl (Figure 4) similar to open circuit potential (Ecor) of zinc in seawater. Eqoy, values for all other samples were
approximately —700 mV, close to E.,, for iron in seawater.

-600

i ~§W
g ] : .
5 80 +4A - ¢|| Figure 4. Time dependence of E.,,, for
g . +8 = F |l coatings with defects exposed in Key
E 500 o5 T ¢l West, FL. Letter designations refer to.the
g coatings in Table I.
S P ee= e Sl :
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Defects in the coatings with zinc primer were, in all cases, filled with calcareous deposits and no corrosion
products or accumnulations of bacteria were observed. While the zinc primer on steel provided cathodic protection
to exposed steel in defects, the same effect was not consistently observed for samples with IVD-Al primer. One of
the four panels with IVD-Al primer had no indication of corrosion products in any of the defects, while all others
were filled with corrosion. When corrosion was present, there were accumulations of bacterial cells.

In the absence of cathodic protection provided by an external anode or the primer, most defects in the other
coatings were filled with voluminous corrosion products (Figure 5a—c) and large accumulations of bacteria
(Figure 6a—c). ESEM images were collected from the center of the corroding defect. Large accumulations of
bacteria could only be located in association with corrosion products. Even though the specimens were exposed to
the same body of seawater, there were morphological differences among the bacteria within defects of various
coatings. :

Figure 5. Corrosion products in coating defects, (a) phosphate primer,
epoxy polyamide topcoat (coating C), (b) phosphate primer, epoxy
polyamide midcoat, polyurethane topcoat (coating D), and
(c) three layers of epoxy polyamide (coating G) (6x).
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Figure 6. Bacteria associated with corrosion products, (a) phosphate
primer, epoxy polyamide topcoat (coating C), (b) phosphate primer, epoxy
polyamide midcoat, polyurethane topcoat (coating D), and (c) three layers
of epoxy polyamide (coating G).

Loup Values decreased with time for coatings with zinc primer (Figure 7a), while for the other samples, Loy,
remained relatively constant after 7 days immersion (Figure 7b,c). Small changes were observed in R, values
for coatings with zinc primer increased (Figure 8a), while RO, for coatings with phosphate primers decreased
with exposure time (Figure 8b). No significant changes were found for other samples (Figure 8c).
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(©) Figure 8. Time dependence of RO, for coatings with defects
exposed in Key West, FL, (a) zinc primer and epoxy polyamide
topcoat (coating A); zinc primer, epoxy polyamide midcoat,
polyurethane topcoat (coating B), (b) phosphate primer and epoxy
polyamide topcoat (coating C); phosphate primer, epoxy polyamide
midcoat, polyurethane topcoat (coating D); three layers of epoxy
polyamide (coating G), and (¢) IVD-Al primer and epoxy
polyamide topcoat (coating E); IVD-Al primer, epoxy polyamide
1643 e midcoat, polyurethane topcoat (coating F).
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For samples with intentional defects coupled to a zinc electrode, R, and R®, data were obtained during
immersion in artificial seawater for 30 days (Figure 9a—d). R, and R°, generally increased with time for all
samples. These increases are most likely due to formation of calcareous deposits in defects that increase pore
resistance (Ry,). Impedance spectra obtained during immersion in artificial seawater confirmed the assumption
that R;,, increased as defects filled with calcareous deposits. Spectra changed from a one-time constant mecha-
nism at early exposure times to spectra containing the polymer coating capacitance (C.) at the highest frequencies
and R,,, at the lower frequencies where EN data are recorded (Figure 10a,b). In these cases, R, and R, are related

to Ry, (5).
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Figure 10. EIS spectra as a function of exposure time to artificial seawater for coating with
IVD-Al primer and epoxy polyamide topcoat (coating E).

The product R, X Loy, had the same approximate value of 10 mV for all coating systems (Figure 11). This
result is similar to the relationship between the corrosion current (Icor) and polarization resistance (R;)
(Icorr =B/R;,). The parameter B defined as B = (by'bc)/(2.3(b,1b.), where b, and b, are the anodic and cathodic
Tafel slopes, respectively, equals 10.4 mV for b, = 120 mV and b, = 30 mV. B = 10 mV is very similar to the
product of R, Loy, from noise measurements (Figure 7). In principle, Leoy, does not equal Lo and R, equals R,
only for spectral noise plots that are independent of frequency (6).

0.1

Figure 11. Time dependence of R9, x Icoup
for coatings with defects exposed in Key West,
FL.

0.001

0.0001

0 5 10 15 20 25 30
TIME (days)

Spatial Relationships Experiments

After a one hour exposure to established anodes on corroding iron filings, large numbers of viable bacteria
were found in association with iron corrosion products in natural seawater, basal salts medium and in distilled
water (Figure 12). The same observation was made with fixed cells. »

Figure 12. (a) Corroding area on iron filing (indicated by arrow) and (b) CLSM of bacteria
attached preferentially at corroding area.
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DISCUSSION

In all marine exposures, localized corrosion of iron-containing substrata was accompamed by large
concentrations of marine bacteria urespectlve of alloy or coating. There were no indications of corrosion products
within defects of coatings that had zinc primer with or without external anodes. In the presence of an anode,
defects were filled with crystalline material that was predominantly calcium. Relative amounts of zinc and cal-
cium varied. Furthermore, large concentrations of bacteria could not be detected within defect areas protected by
either zinc as primer or as sacrificial anode. In all other cases, defects were mounded with bright reddish-orange
corrosion products and large concentrations of marine bacteria. Tightly coiled helical shapes, typical of some
iron-oxidizing bacteria, reportedly rare in the marine environment (7), were concentrated within the corrosion
products on samples with phosphate primer, epoxy polyamide midcoat, and polyurethane topcoat. These organ-
isms, in association with mounds or tubercles of iron corrosion products, are often used as indicators of MIC (8,9).

Franklin ef al. (10) reported bacterial cells associated with anodic regions of carbon steel detected using
scanning vibrating electrode microscopy. They were cautious not to interpret their data to indicate that the cells
caused the anodic sites. They did observe that once bacteria were associated with anodic regions, those areas
remained anodic for the duration of the experiments. Anodic sites not associated with bacteria were transient.
Little et al. (11) made similar observations of spatial relationships between Oceanospirillum and anodic regions
on copper surfaces. deSanchez and Schiffrin (12) demonstrated chemotaxis of a marine Pseudomonas sp. induced
by transition metal ion concentration gradients from corroding copper and titanium surfaces. Loeb and
Neihof (13) used microelectrophoresis to demonstrate that particles in the marine environment, including bacteria,
are negatively charged and attracted to positive charge. The nature of the attraction identified in this paper has not -
been identified, but does not depend on cell viability or conductivity of the electrolyte.

SUMMARY AND CONCLUSIONS

_The distribution of bacteria on stainless and mild steel was strongly influenced by the presence of iron
corrosion products. In natural marine exposures, accumulations of bacteria were consistently
co-located with iron oxide corrosion products. When either a zinc primer or a zinc anode provided cathodic
protection, defects were filled with calcareous deposits and contained only isolated bacterial cells, similar to areas
of intact coating. The product R°; Loy, had the same approximate value of 10 mV for all coating systems,
suggesting that the mechanism of the corrosion reaction occurring in the intentional coating defects is very similar
for all coating formulations.

ACKNOWLEDGMENTS

This project was funded by the Office of Naval Research (Dr. A. J. Sedriks) under Contract No. N00014-94-
1-0026. Naval Research Laboratory Contribution No. NRL/PP/7303--99-0014.

REFERENCES

1. Ray R, Little B, Wagner P, Hart K, Scanning 19 p. 98-103 (1997)

2. Mansfeld F, Xiao H, ASTM STP 1277 p. 59-78 (1996)

3. Xiao H, Han L T, Lee C C, Mansfeld F, Corrosion 53 p. 412-422 (1997)

4. Mansfeld F, Lee C C, J Electrochem Soc 144 p. 2068-2071 (1997)

5. Mansfeld F, J Appl Electrochem 25 p. 187-202 (1995)

6. Mansfeld F, Lee C C, Zhang G, Electrochim Acta 43 p. 435-438 (1998)

7. Ridgway H F, Olson B H, Appl Environ Microbiol 41 p. 274-287 (1981)

8. Lutey R W, “Microbiologically Influenced Corrosion in the Oil & Gas Industry,” a NACE

Techedge Series Program, NACE International, Houston, TX (1997)

9. Cullimore R D, “Practical manual of groundwater microbiology,” Lewis Publishers, Chelsea
MI, pp. 68-70 (1992)

10. Franklin M J, White D C, Isaacs H S, Corros Sci 32 p. 945-952 (1991)




wddde

11. Little B J, Wagner P A, Angell P, International Biodeterioration and Biodegradation 37(3—-4)
p. 159-162 (1996) ‘ '

12.deSanchez S R, Schiffrin D J, Journal of Electroanalytical Chemistry 403 p. 39 (1996)

13. Loeb G I, Neihof R A, “Applied Chemistry at Protein Interfaces,” American Chemical Society,
Washington, DC, (Baier R E ed) p. 319-335 (1973)




_ : "so[onIe Jeurnol pomarasi-1oad (g 19A0 pue siaydeyo
4009 ¢ 00q U0 JO Ioyme dy} SI 9YS YOIBISII WIJOIq PUE UOISAYPEOIq Yiim Surfesp [eurnol
B ‘Zuinoforg 10y pIeoq [ELIO}IPI SU} UO SOAISS OUYS "SOIUSIOS JO AWopeoy IAdISSISSIA oy pue
- uowop) pekordury Af[eropoy ‘IX rwiSiS ‘(Jeuoneuriu] gOVN) SI99UIfuy UOISOLI0)) JO uomneroossy
[euonEN ‘4191008 [EOIWSYI01)9[H Y L, ‘A19100S UOISAYPY YL ‘AISI00S $90ULISqNS OTWNE [RUOL}BUISIU]
‘419100§ TROTWOY) UBOLISWY Y} JO Ioquowl & ST oUyS ‘IddISSISSIN UIOYINOS JO AJISIOATU[) oyl
pue AJISIOATU() 9)e}S BUBIUOIA JB suonisod A)noej jounfpe sey oI Iq ALSIWOUd pue A3oj01q ur
A)1sI0ATU() IO]ARg WO} "S'g B PUB ALSIWOYO UI AJISIOATU[) sue[n], wol ‘qYd © sey ‘ArojeroqeT
[OIeasoy [eABN 9U} JB S9S590014 IB[NOJ[OJA SULIBJA IO0J ISTIUSIOS IOIUSS ‘O[NIT [ BpUQIg

ATLLIT °f VANTIE AHIVIDOIL

sdigsuone[oy Eubmm 1911 Suruumny
6L£5-889-8CC XV TUIAARUOSSIIU@)INIY [rewd ‘Iopny Surpuodsouo) )
| | VSO ‘T¥T0-68006 VO ‘so[eduy so]
‘BIULIOJI[E)) UISYINOS JO bﬁmuozsb ‘90UoI0g S[BLISJRIA JO .Eon
VS0 "0T€S-SLE0T DA “U0ISUIYSEAY “A10JRIOqRT] [oIeasay [eAEN
VS0 $00$-6TS6€ SN T1ua)) 20vdg SIUUS}S AI01RI0qRT YoIEdsay [EABN
S cPIOJSUBIN f pue -
~ 'g®T D "D “gUeyLdN-sauof °f ‘jadod Y ‘yAeyd T | 1PMrT [ 'd

' STAALS NO NOISOHNO0D AZITVOOTANV
VRRIALOVE ANRIVIN NAIM LAE SAHSNOLLY THY TVLLVAS




